Abstract. Electric potential changes before shear rupture were measured using Darley Dale sandstone (quartz-rich) and Icelandic basalt (quartz-free) on both dry specimens and in the presence of pore fluid. We find that electric potential changed markedly just prior to dynamic rupture in dry and saturated sandstones and saturated basalt but we did not detect precursory signals in dry basalt. The absence of signals in dry basalt provides strong evidence that the piezoelectric effect and electrokinetic effect are dominant sources for precursory signals. Moreover we find that the amplitude of the precursory signals due to electrokinetic effect in saturated sandstone were as large as the coseismic signals. We propose that this signal is caused by accelerating evolution of dilatancy as cracks grow in the rock before rupture, resulting in water flow into the dilatant region with an electric current produced concurrently.
Takaki, 1996; Yoshida et al., 1997]. Quartz in rock subjected to static stress is electrically polarized in proportion to the stress, but the polarization charges are neutralized by compensating bound charges which have moved to the quartz surface ( Fig. l(a) ). Consequently, the polarization cannot be detected as an electric potential signal from the outside of the rock. When rapid stress change occurs due to dynamic rupture, the neutral state is broken and the difference between the polarization due to the bound charges and the stress-induced piezoelectric polarization appears as an effective polarization, which can be observed from the outside (Fig. l(b) ). The polarity of the signal depends on the direction of the electrical axis of the quartz crystals. The effective polarization decays exponentially in the resultant relaxation process with a time constant of e/c•, where e is the dielectric constant and c• is the electric conductivity ( Fig. l(c) ). A quantitative model based on this mechanism predicts that the amplitude of the observable signal is proportional to e/c• times the time derivative of the stress in the case where the time scale of the stress change is longer than e/c•.
Electrokinetic Model
Electrokinetic phenomena are caused by the presence of an electric double layer formed at the solid-liquid interface. The double layer consists of ions anchored to the solid phase, with an equivalent amount of ionic charge of opposite sign distributed in the liquid phase near the boundary. When the fluid in such a system moves due to pressure gradient, the charges in the fluid are transported in the direction of fluid motion, resulting in electric current. In a porous medium the electric current density I (A/m 2) is described by the following relation [de Groot and Mazur, 1962; Pride, 1994 % and permeability is 10 © m 2. Rock specimen were air-dried and degassed under vacuum for 24 hours before saturating with water for a week. Cylindrical specimens 40 mm in diameter by 100 mm in length were deformed in compression in a highpressure triaxial cell, incorporating a servo-controlled porefluid pressure intensifier and volume monitor. Confining pressure is first applied to the specimen and maintained at a set value. The pore-fluid intensifier piston is advanced to force high-pressure water into the specimen from the upper surface of the specimen and left to equilibrate. For basalt specimens, approximately one day is necessary to achieve saturation. Then an axial lead is applied to the rock specimen by a 1400 kN servo-controlled actuator at a constant displacement rate. During deformation of the specimen the pore-fluid intensifier is set to maintain a constant pore-fluid pressure. Fig.3(b) . is explained by the fact that the precursory electric signal due to the piezoelectric effect is generated in the shear rupture nucleation zone when local stresses are gradually dropping prior to the main rupture. The polarity of the electric signal is governed by orientation of quartz crystal axes which are nearly randomly distributed. Figure 3(c) shows results from an experiment on a dry basalt specimen for which experimental condition is the same as Fig.3(a) . Even though the gradual stress drop is not less than in the other experiments (3a, b & d), we cannot find precursory changes in electric potential before the dynamic failure. There are many uncertainties about the measurement of electric potential change at the time of the dynamic failure, because artificial noise must have been generated when AE transducers mounted on the specimen broke. It is possible that basalt generates electric potential change at the failure, but our measurements at that point are contaminated. What we can conclude is that despite a stress change before the dynamic failure no precursory electric signal was generated from dry basalt.
When we used a saturated basalt specimen at a confining pressure of 30 MPa and a pore pressure of 20 MPa, we detected clear precursory electric sigpals as shown in Fig.3(d) despite a small stress change before the dynamic failure. It is obvious portion of this curve is plotted in Fig.3(b) .
that the precursory signals in the saturated basalt were caused by the presence of pore water because no signal was detected in dry basalt. The absence of detectable precursory signals in dry basalt suggests that other effects than piezoelectric effect and electrokinetic effect are minor sources for generating precursory electric signals.
Results from saturated sandstone at a confining pressure of 40 MPa and a pore pressure of 20 MPa, shown in Fig.3(b) , demonstrate that the amplitude of the precursory signal can be as large as the coseismic signal. As signals caused by piezoelectric effect are considered to be inversely proportional to electric conductivity as mentioned above, the main source in the saturated sandstone should be the electrokinetic effect. We interpret the high amplitude precursory signal to be generated by transient fluid flow resulting from the accelerating evolution of crack connectivity just before dynamic failure. Some part may be caused by temporal change in the streaming potential coefficient [Jouniaux and Pozzi, 1995b ]. (Fig.4) shows that dilatancy began at about 600 s, and that a slight increase in electric potential appeared to begin about 100 s after the onset of the dilatancy. The electric potential change was very small (on the order of mV) until just before the dynamic rupture, reflecting the fact that the fluid flow rate was very small.
In contrast to sandstone, polarities of precursory signal for saturated basalt varied from electrode to electrode as shown in Fig.3(d) . Also we found that the polarities varied depending on individual experiments, which we repeated several times. The volume of the water which has moved into the basalt specimen for the final 9 s before the dynamic failure was less than 0.0015 cm 3, which is much less than for sandstone with 0.04 c m 3. For such a short period, the basalt specimen can be viewed as in substantially closed system for water drainage because water cannot reach equilibrium because of the low permeability. Although the amount of dilatancy was not directly measured, it is possible that dilatancy evolves just prior to the dynamic failure, and it causes local fluid movement in the specimen. The directions of local fluid flow, and also convection current, would be a function of position, therefore the polarity of the electric signal would vary depending on the electrode.
Conclusions
Our experimental results strongly suggest that the piezoelectric effect and electrokinetic effect are the dominant source mechanisms for generating precursory electric signals. Also they demonstrate that the precursory signal due to the electrokinetic effect can be as large as the coseismic signal. Such a feature would not be expected for signal produced by the piezoelectric effect because its amplitude is directly affected by stress, for which the coseismic change is generally much larger than the precursory change. By comparison water movement is only indirectly influenced by stress, therefore under some condition, significant precursory electric signals could be produced by water movement preceding the dynamic failure.
